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The role of cardiolipin and cytochrome c in
mitochondrial metabolism of cancer cells
determined by Raman imaging: in vitro study on
the brain glioblastoma U-87 MG cell line
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In this paper, we present Raman imaging as a non-invasive approach for studying changes in mitochon-
drial metabolism caused by cardiolipin—cytochrome c interactions. We investigated the effect of mito-
chondrial dysregulation on cardiolipin (CL) and cytochrome c (Cyt ¢) interactions for a brain cancer cell
line (U-87 MG). Mitochondrial metabolism was monitored by checking the intensities of the Raman bands
at 750 cm™2, 1126 cm™, 1310 cm™, 1337 cm™, 1444 cm™ and 1584 cm™. The presented results indicate
that under pathological conditions, the content and redox status of Cyt ¢ in mitochondria can be used as
a Raman marker to characterize changes in cellular metabolism. This work provides evidence that cardio-
lipin—cytochrome c interactions are crucial for mitochondrial energy homeostasis by controlling the
redox status of Cyt c in the electron transport chain, switching from disabling Cyt ¢ reduction and
enabling peroxidase activity. This paper provides experimental support for the hypothesis of how cardioli-
pin—cytochrome c interactions regulate electron transfer in the respiratory chain, apoptosis and mROS

rsc.li/analyst production in mitochondria.

Introduction

Cytochrome c is a crucial protein that is required to maintain
life (respiration) and cell death (apoptosis). The most common
function of Cyt ¢ is an electron shuttle between complexes III
and IV of mitochondria. Hexa-coordination of heme-iron in
native Cyt ¢ decreases the occurrence of peroxidase functions.
However, the binding of Cyt ¢ to anionic phospholipids
unfolds the protein and converts it from an electron shuttle
into a potent peroxidase. In mitochondria, this peroxidase
activity displays remarkable specificity towards CL, causing
oxidation and hydrolysis of cardiolipin-OOH."

Removal of a relatively weak ligand, Met(80), changes of the
spin-state and structural rearrangements pave the way for
opening of the heme catalytic site to small molecules (includ-
ing H,0, and fatty acid-OOH) to bolster its catalytic activity to
levels comparable to those of genuine peroxidases. The peroxi-
dase function of Cyt ¢ requires its direct physical interaction
with CL. Normally, the regulation of Cyt ¢ as a peroxidase is
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achieved through the very low availability of CL that prevents
the formation of cytochrome c/cardiolipin complexes. Under
pathological conditions, accumulation of cardiolipin occurs
which triggers the apoptotic program.”

Numerous scientific discoveries, in the field of cell metab-
olism, suggest that changes in mitochondrial metabolism can
be important cancer drivers. Cardiolipin and Cyt ¢ can be bio-
markers to control the development and progression of
cancer.” ! It has been reported that the CL-Cyt ¢ complex has
cytotoxicity for cancer cells.

Cardiolipin is a phospholipid compound which is present
in the inner mitochondrial membrane,’® which includes about
20% of cardiolipins among the total lipid composition.'*"
For the first time CL was isolated from the beef heart.
Cardiolipin consists of two phosphatidic acid moieties, which
are connected with a glycerol backbone in the center to form a
shape of a dimeric structure.'®

In the last decade, the ability of CL to dysregulate cell
metabolism has been studied by numerous
researchers,'>%20727:2873% Cardiolipin can be considered a
cancer marker, especially in breast,>*"** thyroid®**?* and
brain®*~*” cancer. The role of CL in MDA-MB-231 cell lines has
been studied by S. Hardy et al. They demonstrated that a
decrease in CL amount and altered mitochondrial function are
involved in palmitate-affected cell death.* Other researchers
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used nuclear magnetic resonance to analyze the interaction of
doxorubicin with CL. They monitored changes in the mem-
brane bilayer after doxorubicin addition.*® Another group
investigated CL distribution in the intramitochondrial mem-
brane during apoptosis. A study by M.G. Fernandez et al.
reported that increased production of reactive oxygen species
during the apoptosis process could change the distribution of
CL.*

Monitoring the role of Cyt ¢ in cancer detection has been
analyzed in numerous successful reports.>>*°"*” With Raman
microspectroscopy, N. Brazhe et al. investigated the redox
status of cytochromes in cardiomyocytes. Their experiment
shows that the amount of reduced cytochromes in rod-shaped
cardiomyocytes decreases under oxidative stress conditions.*®
Another group studied the ability of Raman spectroscopy to
detect the apoptosis process mediated by Cyt ¢ in the MCF-7
cell line. They determined the concentration of a proapoptotic
drug (paclitaxel 100 pM) which triggers the release of Cyt ¢ to
the cytoplasm.”® A study by Y. Sun et al. shows the role of Cyt ¢
in non-small cell lung cancer (NSCLC) by surface enhanced
Raman scattering. They successfully used a SERS biosensor for
the detection of Cyt ¢ in NSCLC.?® The role of the interaction
of Cyt ¢ with CL in metabolism was investigated also by
Milorey et al.,*®> Chertkova et al.,*® Pletneva’s group®”' and
Vladimirov’s group.’>>® The effect of cardiolipin penetration
inside cells was studied also by A.V. Birk et al. They have
shown that the interaction between CL and Cyt ¢ is advan-
tageous for keeping Cyt ¢ close to the respiratory complexes
and preventing its loss from the inter-membrane space.>
Interactions of Cyt ¢ with CL in the mitochondrial membrane
by using Raman spectroscopy have been described by J. Kitt
et al.>> Another group has studied the interaction of Cyt ¢ with
CL by using mass spectrometry.>®

In this paper, we will discuss the role of CL and Cyt ¢ in
cancer cell metabolism. We will investigate the uptake of CL
and Cyt ¢ in human cancer brain cells (U-87 MG) by using
Raman spectroscopy and Raman imaging. The main goal of
this study is to characterise biochemical changes in cells’ mito-
chondrial metabolism and the redox status of Cyt ¢ under
pathological conditions of cancer. To the best of our knowl-
edge, this is the first paper that provides experimental evi-
dence that cardiolipin-cytochrome ¢ interactions control the
redox status of Cyt ¢ by switching from the electron carrier in
the electron transport chain to the peroxidase activity.

Materials and methods
Chemical compounds
and

Cardiolipin solution from bovine heart (C1649)

Cytochrome ¢ from equine heart (C7752) were purchased from
MERCK.
Raman spectroscopy

Raman spectra and images presented in this manuscript were
recorded using a confocal Raman microscope (WITec alpha

2698 | Analyst, 2024,149, 2697-2708

View Article Online

Analyst

300 RSA+ (Ulm, Germany)) equipped with a 50 pm core dia-
meter fiber ultra-high throughput spectrometer (UHTS) and a
CCD camera (Andor Newton DU970-UVB-353). For measure-
ments, we used a 532 nm excitation laser beam and Nikon
objective with a magnification of 40x and a numerical aperture
(NA = 1.0) intended for cell measurements performed by
immersion in PBS (phosphate buffered saline, Gibco no.
10010023). The average laser excitation power used during ana-
lysis was 10 mW and 0.5 s integration time for the fingerprint
region and 0.3 s for the high-frequency region have been used.
The collected Raman spectra were preprocessed using the
WITec Control/Project Four 4.1 package (removal of cosmic
rays, and smoothing and background corrections). To analyze
the Raman imaging data a cluster analysis method was used.
Cluster analysis is a procedure of analysis that allows us to
group the Raman spectra into groups called a cluster. Each of
the clusters (the Raman spectra) must be as similar as possible
in contrast to the Raman spectra belonging to another group.
The separation of n observations (x) into k (k < n) clusters S
should be done to minimize the variance (Var) according to
the formula:

k k
. 2 _ . . .
arg min Z Z [|xu;]|” = arg min ; |S;[Vars;

i=1 XES;

where y; is the mean of experimental points. In our study, the
number of clusters is 7. Each cluster is characterized by
specific average Raman spectra, which reflect the inhomo-
geneous distribution of the samples.*>*’

The stack images were recorded using a confocal Raman
microscope (WITec alpha 300 (Ulm, Germany)) located at the
Faculty of Chemistry at Jagiellonian University. For measure-
ments, we used a 532 nm excitation laser beam and a 63 x
water immersion objective (Zeiss W Plan-Apochromat 63x, NA
= 1, Oberkochen, Germany). The average laser excitation power
during the analysis was ~30 mW (measured after the beam
passed through the objective) and a 0.2 s integration time has
been used. Spectral images were collected with a sampling
density of 0.5 pm (in z-axis step size was equal to 1.5 pm). The
obtained Raman spectra and Raman 3D imaging data were
preprocessed using the WITec Control/Project Four 5.1
package (removal of cosmic rays, and smoothing and back-
ground corrections).

Before Raman measurements, the growth medium was
removed, the cells were fixed with 4% formalin for 10 min and
kept in phosphate-buffered saline (PBS, Gibco no. 10010023)
during the experiment.

Cell lines

The glioblastoma cell line (U-87 MG; HTB-14™) was purchased
from ATCC, the global bioresource center. The glioblastoma
cell line was originally obtained from a 44-year-old male
patient. For U-87 MG cell line culturing (EMEM; ATCC 30-
2003) medium from ATCC was used. To prepare a complete
growth medium Fetal Bovine Serum (FBS) was added to a final
concentration of 10%.

This journal is © The Royal Society of Chemistry 2024
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Cultivation conditions

All experiments presented in this manuscript were conducted
using U-87 MG. For cell growth, we used a flat-bottom culture
flask with a cell growth surface of 75 cm?. All cells prepared for
analysis were stored in an incubator, which provided ensured
access to the conditions necessary for proper culture (37 °C,
5% CO,, 95% air).

Cell treatment with cardiolipin and cytochrome ¢

All cells prepared for experiments were seeded on CaF,
windows (Crystran Ltd). Control cells (without any supplemen-
tation) for measurement were prepared using the method
described below. The medium dedicated to cell growing was
removed. Afterwards, the cells were fixed using formalin for
10 min and after that washed twice with PBS. The cells were
measured in PBS. Measurements using the Raman method
were conducted immediately after the preparation of samples.

All the CL and Cyt ¢ solutions used for supplementation
were prepared by diluting the pure culture medium dedicated
by ATCC to cell lines used in the investigation as a solvent. For
the preparation of Cyt ¢ solutions with concentrations of 1, 10
and 15 pM we used powdered reagents. For supplementation
with CL solution reagents (4.7-5.3 mg mL™" in ethanol, >97%
(TLC)) were used, from which samples were prepared to finally
obtain a solution with concentrations of 1, 10 and 15 pM. The
incubation time of the Cyt ¢ and CL was 24 h. The solution of
Cyt ¢ was added simultaneously with CL.

Statistical analysis

All Raman spectra presented in the manuscript were normal-
ized in Origin software by using a model divided by norm.
The average Raman spectra and standard deviations (SD) were
recorded by using Origin software. To prepare statistically sig-
nificant differences (labeled *) between the analyzed cell
groups the ANOVA (Tukey test, at a significance level of 0.05) in
Origin was used.

Results and discussion

First, we analyzed the biochemical composition of unsupple-
mented U-87 MG cells by Raman imaging. Fig. 1 shows the
intracellular structures of U-87 MG cells obtained by 3D
Raman imaging along the z-axis through a cross-section of the
cell. The stack images along the z-axis obtained from layers
were collected at 1.5 pm steps from top to bottom of the cell.
The intracellular structures are visualized by spectral filters:
nuclei (DNA/RNA) (780-800 cm ') and lipid droplets (lipids)
(2830-2900 cm™') (Fig. 1A). For every analyzed layer the
average Raman spectrum for cells as a whole is presented in
Fig. 1B.

To check the effect caused by CL supplementation we pre-
pared the same analysis for U-87 MG upon incubation with
10 pM. We analyzed the distribution of lipids and nucleic
acids in the U-87 MG cells. Fig. 2 presents results upon sup-
plementation with CL at 10 pM.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 3D Raman images of glioblastoma (U-87 MG) showing the distri-
bution of nucleic acids (780-800 cm™) and lipids (2830-2900 cm™)
obtained from each cell layer recorded every 1.5 pm step in the z-direc-
tion (A) and average Raman spectra for cells as a whole for each layer
(B).

Due to the confocality of the Raman microscope, the
Raman images present the morphology of the cells and the
average Raman spectra for each layer. One can see that at the
top images, the laser excites the upper layer of lipid droplets
and does not reach the nucleus. Going deeper the Raman
images reveal the cross-section through the middle of lipid
droplets and nucleus. However, the Raman spectra for each
layer represent the average biocomposition of each layer.

One can see that by comparison of Fig. 1 and 2 the lipid
droplets are more visible in cells supplemented with 10 pM CL
than in cells without supplementation. Such types of measure-
ments are more time-consuming, so we focused on one cell
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Fig. 2 3D Raman images of glioblastoma (U-87 MG) showing the distri-
bution of nucleic acids (780-800 cm™) and lipids (2830-2900 cm™)
upon supplementation with 10 pM cardiolipin obtained from layers
recorded every 1.5 pm step in the z-direction (A) and average Raman
spectra for cells as a whole for each layer (B).

layer, which includes all organelles. To learn about the Raman
spectra for specific organelles one can use chemometric
methods to separate the Raman spectra from different
organelles.

Based on the cluster analysis method we can also identify
the main cellular organelles, such as the nucleus, mitochon-
dria, lipid regions, cytoplasm and cell membrane. Fig. 3 pre-
sents the microscopy image, Raman image and Raman spectra
for a typical unsupplemented cell and a cell supplemented
with 10 pM CL.

Fig. 3B and E shows the clusters inside a typical brain
cancer cell corresponding to the nucleus (red), mitochondria
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Fig. 3 The microscopy image (A), Raman image (B) and Raman spectra
of glioblastoma (C) (U-87 MG) and the microscopy image (D), Raman
image (E) and Raman spectra of glioblastoma (F) (U-87 MG) sup-
plemented with 10 uM cardiolipin; Raman images constructed based on
cluster analysis method and assigned to: nucleus (red), mitochondria
(magenta), lipid regions (blue and orange), cytoplasm (green), cell mem-
brane (light grey) and cell environment (dark grey); colors of the spectra
correspond to the colors of the clusters.

This journal is © The Royal Society of Chemistry 2024
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(magenta), lipid regions (blue and orange), cytoplasm (green),
cell membrane (light grey) and the cell environment (dark
grey); the colors of the spectra correspond to the colors of the
clusters.

A detailed inspection of Fig. 3C and F shows the differences
in Raman spectra between the cell without supplementation
and the cell incubated with CL. The most significant changes
are observed in the Raman signals corresponding to cyto-
chrome ¢ and b: 750, 1126 and 1584 cm™*.>43%8

To understand the role of the interactions between Cyt ¢
with CL in cell metabolism, we monitored cell response by
Raman spectroscopy and imaging due to supplementation
with Cyt ¢ and CL.

In Fig. 4 we show the average Raman spectra of the mito-
chondria region for the unsupplemented U-87 MG cell line
and for seven types of supplementation: (1) 10 pM CL + 1 uM
Cytc, (2) 1 uM CL + 1 uM Cyt ¢, (3) 10 uM CL + 10 pM Cyt c, (4)

-— =

A <00 moNgs| S
8 888Y XTI 39
B Mmoo+ AiMmMT] VO
N~ O™ v e

0.12

0.10

0.08 4

Normalized Raman intensity [a.u.]
g
o
(2]

Normalized Raman intensity [a.u.]

600 800 1000 1200 1400 7600 1800

Wavenumber [cm'1]

0.08

1310
1337

0.06 4

0.02 4

Normalized Raman intensity [a.u.]
o
o
Sy

0.00

T T T : T . T T T 1
1260 1280 1300 1320 1340 1360 1380 1400

Wavenumber [cm'1]

0.12

0.10

0.08 4

0.06

0.04 4

0.12 4

0.10 +

0.08

Normalized Raman intensity [a.u.]
o
o
»

View Article Online

Paper

15 pM CL + 1 pM Cyt ¢, (5) 10 pM CL + 15 pM Cyt ¢, (6) 1 pM
Cyt ¢, and (7) 10 uM CL.

A detailed inspection of Fig. 4 shows differences in average
Raman spectra between the U-87 MG cell (without supplemen-
tation) and the cell incubated with CL and Cyt ¢. The most sig-
nificant changes are observed in the Raman signals corres-
ponding to the vibrations of cytochrome ¢ and b: 750, 1126,
and the vibrations of cytochrome ¢, 1584 cm™.>*° The results
in Fig. 4 demonstrate that the vibrations of Cyt ¢ are sensitive
to its interactions with CL. Electrostatic forces are some of the
major factors that govern cytochrome c-cardiolipin inter-
actions. Positively charged Cyt ¢ molecules (an isoelectric
point is near pH 10 and the net charge is +8e at neutral pH)
are strongly attracted to the negatively charged headgroups of
anionic lipids including CL." Fig. 4 shows that U-87 MG cancer
cells without supplementation (dark grey line) can be distin-
guished from the U-87 MG cells supplemented with CL and

< ©
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Fig. 4 The average Raman spectra of the mitochondria region for unsupplemented human brain cell U-87 MG (dark gray line) and for U-87 MG
cells supplemented with 10 uM cardiolipin + 1 uM cytochrome c (yellow line), 1 uM cardiolipin + 1 yM cytochrome c (purple line), 10 pyM cardiolipin
+ 10 pM cytochrome c (cyan line), 15 pM cardiolipin + 1 uM cytochrome c (rose red line), 10 uM cardiolipin + 15 pM cytochrome c (orange line),
1 pM cytochrome c (red line), 10 pM cardiolipin (blue line) for the fingerprint region (A) and the high-frequency spectral region (B).

This journal is © The Royal Society of Chemistry 2024

Analyst, 2024,149, 2697-2708 | 2701


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00015c

Open Access Article. Published on 06 March 2024. Downloaded on 6/16/2026 11:52:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cyt ¢ based on the Raman bands at 750 and 1126 cm™,
characteristic of cytochrome ¢ and b, 1310 cm™" assigned to
c-type cytochrome, and 1584 cm ™" assigned to cytochrome c.

To better visualize the biochemical differences upon sup-
plementation with CL and Cyt ¢ we present the column bars of
Raman intensity for bands at 750, 1126, 1310, 1337, 1444 and
1584 cm™'. The one-way ANOVA Tukey test has been used to
indicate differences between samples. Statistically significant
results have been marked with an asterisk. Fig. 5 presents
Raman band intensities for selected Raman bands for human
brain cancer cells U-87 MG: unsupplemented (dark grey bar),
and seven types of U-87 MG cells upon supplementation with
cardiolipin and cytochrome ¢: 10 pM CL + 1 pM Cyt ¢ (yellow
bar), 1 pM CL + 1 pM Cyt ¢ (purple bar), 10 pM CL + 10 uM Cyt
¢ (cyan bar), 15 pM CL + 1 uM Cyt ¢ (rose red bar), 10 pM CL +
15 pM Cyt ¢ (orange bar), 1 pM Cyt ¢ (red bar), and 10 pM CL
(blue bar).

In view of the results shown in Fig. 5, it is evident that the
most visible differences in mitochondria between the unsup-
plemented brain cancer cells and the cells with supplemen-
tation are observed for the bands at 750 and 1126 cm ™" corres-
ponding to cytochrome ¢ and b, and 1310 and 1584 cm "
corresponding to cytochrome ¢. Comparing the Raman intensi-
ties at 750, 1126, 1310 and 1584 cm ™" at different supplemen-
tations, one can see that the highest concentration of cyto-
chromes is observed for the unsupplemented U-87 MG cells
(dark grey bar). Moreover, one can see from Fig. 5C, D and E
that the intensity of bands at 1444, 1310, and 1337 cm™" are
the lowest for U-87 MG supplemented with 10 pM cardiolipin
(blue bar).

The band at 1444 cm™" represents vibrations of lipids, not
cytochrome c. The vibration at 1337 cm™" represents a band of
the reduced Cyt b (ferro- (Fe>*) cytochrome b), not Cyt c. The
band at 1310 ecm ™" corresponds to c-type cytochromes but rep-
resents the v,; mode (Cp,,—H) Ay, in contrast to vibrations of
pyrrole ring (1126 cm™") or methine bridge (v,o). Therefore the
interactions with CL are different from those of the vibrations
of 750, 1126 and 1584 cm ™" of Cyt c.

To explain the decrease in the Raman signals of cyto-
chromes upon interaction with cardiolipin, let us concentrate
on the vibration of cytochrome ¢ at 1584 cm™". The band v, at
1584 cm™ ' is primarily due to the methine bridge vibrations
via the C,-C,, stretching and C,,-H bending modes in the
heme group in cytochrome ¢.>*7®' It has been reported that the
V19 vibration is very sensitive to the redox status of the central
iron ion in the heme group and can be considered a Raman
biomarker’ monitoring the efficiency of the electron trans-
port chain. The electron transport chain together with che-
miosmosis determines the rate of oxidative phosphorylation. If
cytochrome ¢ does not accept and transfer electrons the elec-
tron transport chain will stop running, and ATP will no longer
be produced by chemiosmosis. Without enough ATP, cells
cannot carry out the reactions they need to function and, after
a long enough period of time, may even die.

The iron ion in cytochrome ¢ in the electron transport
chain may be in either the ferrous Fe** or the ferric Fe®" state.

2702 | Analyst, 2024, 149, 2697-2708

View Article Online

Analyst

The Raman bands of cytochrome c are very sensitive to the oxi-
dation of the iron ion. Recently we showed that the change of
the redox status from the oxidized Fe** to the reduced Fe**
cytochrome ¢ increases spectacularly the Raman signal
intensity.> We showed that upon cancer development in
tissues (in contrast to in vitro cells) the Raman signal at
1584 cm™" of cytochrome ¢ increases spectacularly demonstrat-
ing a spectacular shift to the reduced Fe*" form.>>® This shift
provides evidence that electrons from cytochrome c¢ are not
properly transported to complex IV and decrease the “fast
road” to produce effective respiration via oxidative phosphoryl-
ation, becoming less efficient.

However, the results for cancerous brain cells from Fig. 5
show that the Raman signals of cytochrome ¢ at 750, 1126 and
1584 cm ™" decrease, not increase, upon supplementation with
cardiolipin. It indicates that alterations in the Raman signals
of cytochrome ¢ upon interaction with CL in mitochondria
cannot be explained by the change of the redox status from
oxidized Fe’" to its reduced form Fe",

It is interesting to note that in contrast to the vibrations of
cytochrome ¢ the intensity of the bands at 1310, 1337 and
1444 cm™' are the lowest for U-87 MG supplemented with
10 pM cardiolipin in Fig. 5.

The decrease of the Raman signals of the oxidized Fe**
cytochrome ¢ in mitochondria upon interaction with cardioli-
pin has been explained by the transformation of Fe®* cyto-
chrome ¢ into iron-oxo (ferryl) intermediates called compound
I and compound II, which are (unprotonated) Fe'=0 or (pro-
tonated) Fe™V-OH species that are formed when the binding of
cytochrome ¢ to cardiolipin converts it from an electron
shuttle in electron transport chain (ETC) into a potent peroxi-
dase. The process of transformation of Cyt ¢ from an electron
shuttle in ETC into a peroxidase has been described
earlier.®* ™’

Representative peroxidases have a five-coordinate heme
with a vacant distal coordination site that permits the iron
center to interact with H,0,. In contrast, native cyt ¢ is six-co-
ordinated, as the distal coordination site is occupied by meth-
ionine Met80. This transformation is explained by the unfold-
ing of Cyt ¢ by electrostatic interactions between negatively
charged phosphates on CL and positively charged lysines on
Cyt ¢. Cardiolipin-induced modifications remove Met80 from
the heme iron and activate the precatalytic native state.®>™®”
Cardiolipin/H,0,-induced covalent modifications transform
Fe®" cytochrome c into iron-oxo (ferryl) intermediates Fe™'=—0
or Fe"-OH species, which have Raman signal
intensities.®*’

Both redox properties and peroxidase activity of Cyt ¢
change upon interaction with CL in the mitochondrial mem-
brane, which diminishes the electron donor/acceptor role and
blocks the transfer of electrons between complexes III and IV
of the respiratory chain, resulting in the loss of oxidative phos-
phorylation (respiration) and ATP synthesis.

On the other hand, the increased Cyt ¢ peroxidase activity
results in disturbing various biological processes such as sig-
naling and apoptosis. Peroxidases or peroxide reductases are

lower
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Fig. 5 Histograms represent normalized Raman intensity bands +SD (SD — standard deviation) calculated for mitochondria region: 750 cm™ (A),
1126 cm™ (B), 1310 cm™ (C), 1337 cm™ (D), 1444 cm™ (E), 1584 cm™ (F) for unsupplemented U-87 MG cells (dark gray) and seven types of sup-
plementation U-87 MG cell lines with cytochrome c and cardiolipin: 10 pM cardiolipin + 1 pM cytochrome c (yellow), 1 pM cardiolipin + 1 pM cyto-
chrome c (purple), 10 uM cardiolipin + 10 pM cytochrome c (cyan), 15 pM cardiolipin + 1 pM cytochrome c (rose red), 10 uM cardiolipin + 15 uM
cytochrome c¢ (orange), 1 uM cytochrome c (red), 10 pM cardiolipin (blue); the statistically significant results have been marked with asterisk. *;
p-value < 0.05.
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enzymes that break up peroxides, i.e., it catalyzes the oxidation
of organic substrates by using hydrogen peroxide, H,0,, but
other compounds such as lipid peroxides are even more active.
Hydrogen peroxide, H,O,, produced in mitochondria belongs
to mitochondrial reactive oxygen species (mtROS or mROS).
The generation of mitochondrial reactive oxygen species
mainly takes place at the electron transport chain during the
process of oxidative phosphorylation presented in Fig. 6.

The electrons involved in ROS reactions are provided to the
ETC in mitochondria from processes occurring in glycolysis
and citric acid (TCA) cycle. Glycolysis takes place in the cyto-
plasm. Within the mitochondrion, the TCA occurs in the mito-
chondrial matrix, and oxidative metabolism and the electron
transport chain occur at the internal mitochondrial mem-
branes. The leakage of electrons at complex I and complex III
from ETC leads to a partial reduction of oxygen to form super-
oxide. Subsequently, superoxide is quickly dismutated to
hydrogen peroxide. Cytochrome c—cardiolipin interactions
enhance mitochondrial ROS activity because cardiolipin/cyto-
chrome ¢ complexes are not effective in scavenging superoxide
anions and result in high levels of mitochondrial ROS that
activate apoptosis/autophagy pathways capable of inducing
cell death.®®7°

At low levels of CL, Cyt ¢ serves as an electron carrier
between complex III and complex IV and allows the mROS pro-
ducts to act as important signaling molecules in regulation
and metabolic adaptation as seen in hypoxia' or inflammatory
response via lysophosphatidylcholine and Toll-like receptor 4
and Toll-like receptor 2 bacterial ligands lipopolysaccharide
(LPS) and lipopeptides.®®®® At high levels of CL, the cyto-
chrome c/cardiolipin complexes are not effective in scavenging
superoxide anions and result in high levels of mitochondrial

2704 | Analyst, 2024, 149, 2697-2708

ROS that activate apoptosis/autophagy pathways capable of

inducing cell death.®®7°

Conclusions

Within the central nervous system (CNS), cardiolipin is found
to be an essential player within both neuronal and non-neuro-
nal glial cells, where it regulates metabolic processes, supports
mitochondrial functions, and promotes brain cell viability.
The cardiolipin-cytochrome ¢ interactions can affect the cell’s
ability to regulate mitochondrial activity. It is now widely
accepted that cardiolipin plays a central role in mitochondrial
metabolism by maintaining the proper flexibility and mor-
phology of the mitochondrial membranes and by regulating
the activity of a variety of enzymes and proteins including cyto-
chrome ¢ involved in mitochondrial function. However, the
mechanisms are still not well understood. Understanding the
underlying regulatory mechanisms requires pathway-targeted,
informative experimental data. However, practical experi-
mental design approaches are still in their infancy. Here, we
propose an experimental framework by Raman imaging and a
model for the identification of regulatory mechanisms in
cancers induced by cardiolipin.

We studied the role of cardiolipin-cytochrome c¢ inter-
actions in cells’ mitochondria by Raman imaging of brain
cancer (U-87 MG) cells. This paper provides evidence that car-
diolipin-cytochrome c¢ interactions are key to mitochondrial
energy homeostasis by controlling the redox status of cyto-
chrome ¢ in the electron transport chain, switching on/off
Fe®*/Fe*" of cytochrome c in the electron transport chain and
turning on the peroxidase activity. The decrease of the Raman

This journal is © The Royal Society of Chemistry 2024
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signals of the oxidized Fe** cytochrome ¢ in mitochondria in a
cancer cell upon interactions with cardiolipin suggests the
transformation into iron-oxo (ferryl) intermediates called com-
pound I and compound II, which are (unprotonated) Fe"V=0
or (protonated) Fe'V-OH. These species are formed when the
binding of cytochrome c to cardiolipin converts it from an elec-
tron shuttle carrier in the electron transport chain into a per-
oxidase complex that catalyzes cardiolipin oxidation; this
process plays a pivotal role in the mitochondrial stage of oxi-
dative phosphorylation (respiration) and the execution of the
cell death program via apoptosis. Furthermore, cardiolipin/
cytochrome ¢ complexes that transform heme centers into
ferryl intermediates are not effective in scavenging superoxide
anions. This results in the production of high-concentration
mROS species. Finally, high levels of mitochondrial ROS acti-
vate apoptosis/autophagy pathways capable of inducing cancer
development.

The newly discovered role of cytochrome ¢ in the electron
transport chain, apoptosis and ROS activity will allow the
exploitation of this knowledge for drug discovery purposes
based on their ability to manipulate cardiolipin peroxidation
in cytochrome c/cardiolipin complexes.
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